ABSTRACT A sandwich-type multi-degree-of-freedom (MDOF) ultrasonic motor with hybrid excitation is proposed in this paper. The motor adopts pair combination of three resonance modes to drive the sphere rotations around three coordinate axes. When the sphere rotates around any axis, all piezoelectric ceramics of the proposed motor are excited for the vibration of the motor. The final structure parameters of the motor are confirmed by way of finite element method, and the elliptical motion trajectories of the driving areas are verified. At last, the prototype is fabricated and tested. The prototype achieves no-load speeds of 109.8 r/min, 107.9 r/min, and 290.8 r/min in the YOZ, XOZ, and XOY driving modes, respectively. The proposed motor employs only four pieces of lead zirconate titanate ceramics to achieve the MDOF rotations of a spherical rotor.
I. INTRODUCTION
In recent years, with the development of robotics and multidimensional motion devices, multi-degree-of-freedom (MDOF) actuators are demanded strongly. Conventional electromagnetic MDOF actuators have several disadvantages, such as low efficiency in small size, large volume and slow response. The biggest weakness of the electromagnetic motors is the complexity in structure.
Ultrasonic motor (USM) transfers electrical energy directly into mechanical energy via the converse piezoelectric effect of the piezoelectric element, which is entirely different from conventional motor of obtaining rotation speed and torque by way of electromagnetic effect. Because of new principle and structure, ultrasonic motors exhibit merits of simple structure, large torque in the low speed range, high torque/weight ratio, self-locking without applied electric power, good dynamic response, no magnetic field generation and absence of magnetic interference, fine positional accuracy and silent operation [1] - [3] .
At present, there have been a large number of various single-degree-of-freedom (SDOF) ultrasonic motors [4] - [9] , including the linear ones [10] - [13] and the rotary ones [14] - [20] . By comparison, the studies about MDOF ultrasonic motors are much less than the SDOF ones. Toyama S. et al. developed a MDOF spherical ultrasonic motor with three annular vibrators [21] , [22] . Shen S.C. and Huang J.C. proposed a MDOF eyeball-like micro actuator using four symmetric piezoelectric plates [23] . In the above MDOF ultrasonic motors, three or four vibrators are adopted as the stators, and each of them rotates the rotor in one degree-of-freedom. So the structures of these MDOF motors are usually complex and not quite compact.
Ultrasonic motors with single vibrator can employ several vibration modes combination to achieve the MDOF motions, which could be the bonded type ones or the bolt-clamped type ones. Zhang M.H. et al. presented a MDOF ultrasonic motor using in-plane deformations of the planar piezoelectric elements [24] . Khoo T.F. et al. proposed a MDOF ultrasonic micromotor via flexural-axial coupled vibration [25] . Takemura K. and Maeno T. developed a MDOF ultrasonic motor with a bar-shaped stator [26] , and carried on the corresponding control research for dexterous surgical instrument [27] . Yun C.H. et al. proposed and studied support mechanism for the ball rotor of a MDOF ultrasonic motor with a single stator [28] . Li Z.R. et al. studied the several key issues in developing of cylinder type MDOF ultrasonic motor [29] . However, there are always some lead zirconate titanate (PZT) elements with no excitation, while the MDOF ultrasonic motors with single vibrator generate one degree-of-freedom motion. Based on the sandwich type longitudinal-bending hybrid excitation proposed in the previous work [30] , a sandwich type MDOF ultrasonic motor with hybrid excitation is designed and tested in this study. Only four pieces of PZT ceramics are employed to generate the first longitudinal vibration mode and two orthogonal second bending vibration modes spatially. All PZT elements are excited to generate each degree-of-freedom motion. Moreover, there are two excitation styles, the conventional one and the modified hybrid one, while the combination of two orthogonal second bending vibrations spatially is generated. Furthermore, the assembly process of the proposed MDOF motor is much easier than the previous MDOF ones with single vibrator. This paper is organized as follows: In Section 2 the basic structure and the operating principle of the proposed ultrasonic motor are discussed, the proposed MDOF ultrasonic motor is designed and analyzed via finite element method in Section 3, the vibration characteristics and output performance of a prototype are investigated in Section 4. Finally, a conclusion is drawn in Section 5.
II. MOTOR STRUCTURE AND OPERATING PRINCIPLE
The structure of the proposed MDOF ultrasonic motor is shown in Fig. 1 . The stator consists of flange bolt, PZT ceramics and two end caps. It adopts the Langevin type structure, which means that two groups of PZT elements are clamped between the flange and two end caps by the bolts. The crosssection of the stator is square. There is a cylindrical hole on each end face, the boundary of which can drive the sphere rotate. Four clamping holes are set in the centers of four side faces of the flange. The polarizations of all PZT ceramics are along their thickness directions, and the polarization of every PZT ceramic is uniform. The polarizations of adjacent PZT ceramics are opposite, as well as the two PZT ceramics next to the flange. There are separator lines in the electrode faces between two adjacent PZT ceramics, as shown in Fig. 1 by the dotted lines. The separator lines cut the faces crosswise into quarters, in order to connect different voltage signals.
There are three driving modes about the proposed MDOF ultrasonic motor, which are YOZ driving mode, XOZ driving mode and XOY driving mode to push the sphere rotate around X -axis, Y -axis and Z -axis, respectively. The proposed MDOF ultrasonic motor adopts pair combination of three resonance modes to achieve the above driving modes, which are the first longitudinal vibration and two orthogonal second bending vibrations spatially.
The YOZ and XOZ driving modes both adopt the combination of the first longitudinal and the second bending vibrations, and the only difference between them is that the bending vibrations employed are orthogonal spatially. Based on the longitudinal-bending hybrid excitation, the proposed MDOF ultrasonic motor only employs two alternating voltages with phase difference to generate the longitudinal and bending vibrations synchronously, as shown in Fig. 2 . The layout of ten electrodes in the proposed MDOF ultrasonic motor is shown in Fig. 3 . The electrode connections of the YOZ and XOZ driving modes are shown in Fig. 4 (a) and (b), respectively, in which the grounding electrodes are hidden. In view of the polarizations of the PZT ceramics in Fig. 1 , when 0< t < t 5 , V A > 0 and V B > 0, all the PZT ceramics will extend; when t 5 < t < t 6 , V A > 0 and V B < 0, the part of PZT ceramics excited by Phase A will extend and other part of PZT ceramics excited by Phase B will contract; when t 6 < t < t 7 , V A < 0 and V B < 0, all the PZT ceramics will contract; when t 7 < t < t 8 , V A < 0 and V B > 0, the part of PZT ceramics excited by Phase A will contract and other part of PZT ceramics excited by Phase B will extend. In general, when 0 < t < t 5 and t 6 < t < t 7 , the stator will be almost in a longitudinal vibration; when t 5 < t < t 6 and t 7 < t < t 8 , the stator will be almost in a bending vibration. The operating principle of the YOZ or XOZ driving modes is shown in Fig. 5 , while the limit positions of the stator are presented about the longitudinal and bending vibrations. When the deformation sequence of the proposed MDOF ultrasonic motor appears as t 1 → t 2 → t 3 → t 4 in Fig. 5 , clockwise elliptical movements in the vertical plane are produced on the top end face, and the sphere will be rotated anticlockwise around the horizontal axis. If the phase difference of two alternating voltages is shifted from 90 • to −90 • , the sphere will be rotated clockwise around the horizontal axis.
The XOY driving mode adopts the combination of two orthogonal second bending vibrations spatially. Because of the uniform polarization of every PZT ceramic, four alternating voltages are required to achieve the XOY driving mode, as shown in Fig. 6 . Phase A and Phase C are outphase, while Phase B and Phase D are also out-phase. The electrode connections of XOY driving mode have two styles, the conventional one and the modified hybrid one, as shown in Fig. 7 . In view of the polarizations of the PZT ceramics in Fig. 1 , the operating principle of XOY driving mode is shown in Fig. 8 . In the conventional style, deformation sequence in by the arrows of Fig. 8 , clockwise elliptical movements in the horizontal plane are produced on the top end face, and the sphere will be rotated clockwise around the vertical axis. If the phase difference of two alternating voltages is shifted from 90 • to −90 • , the sphere will be rotated anticlockwise around the vertical axis.
III. DESIGN ANALYSIS PROCESS
Finite element method (FEM) is used to perform the design process of the proposed MDOF ultrasonic motor. Firstly, the modal analysis is developed to achieve the modal degeneration via adjusting the structure parameters of the stator model. The materials of the flange bolt and the end cap are steel and aluminum, respectively. The PZT elements are PZT-4. The final dimensions of the stator are shown in Fig. 9 (a) , while the three vibration modes have close resonance frequencies. As shown in Fig. 9 In Fig. 11 , the elliptical trajectories of the selected nodes have the same rotary direction, which can ensure the consistency of their driving force directions. Fig. 11 (a) and (b) , the oblique elliptical trajectories don't affect the performance of the proposed MDOF ultrasonic motor, because of the sphere rotor. The motion trajectories of different selected nodes in the YOZ and XOZ driving modes are almost consistent in their respective 2D planes. In Fig. 11 (c) and (d) , the principal axes of elliptical trajectories of three selected nodes are nearly along with the OX and OY directions. The motion amplitudes of the selected nodes in the modified hybrid style of XOY driving mode are 41% larger than the ones in the conventional style on the average.
And in

IV. EXPERIMENTS
According to the final structure parameters, a prototype motor was fabricated, as shown in Fig. 12 . The weight of the prototype is about 93.4 g. VOLUME 4, 2016 FIGURE 14. Vibration scanning results of the prototype: (a) vibration shape and vibration velocity response spectrum under the first longitudinal mode excitation, (b) vibration shape and vibration velocity response spectrum under the YOZ second bending mode excitation, and (c) vibration shape and vibration velocity response spectrum under the XOZ second bending mode excitation.
A scanning laser Doppler vibrometer (PSV-400-M2, Polytec, Germany) was employed to measure the vibration characteristics of the stator in three vibration modes. Fig. 13 gives the schematic diagram about the vibration measurement. The top surface was scanned in the measurement of three vibrations, the first side was scanned in the measurement of YOZ second bending vibration only and the second side was scanned in the measurement of XOZ 910 VOLUME 4, 2016 second bending vibration only. The vibration test results of the prototype are shown in Fig. 14 , while the frequency range is 40 kHz-80 kHz.
For the measurement of longitudinal vibration, all nongrounding electrodes were connected to the high potential terminal, while the grounding electrodes were connected to the low potential terminal. For the measurement of YOZ bending vibration, the electrodes excited by Phase A and the ones excited by Phase B, as shown in Fig. 4 (a) , were connected to the high and low potential terminals, respectively. Similarly, for the measurement of XOZ bending vibration, the electrodes excited by Phase A and Phase B, as shown in Fig. 4 (b) , were also connected to the high and low potential terminals, respectively. In Fig. 14 (a) , the whole top surface vibrates uniformly in the vertical direction, according with the feature of longitudinal vibration, while the resonance frequency is 61.553 kHz. In Fig. 14 (b) , two bending wave loops of the first side and the oblique vibration plane of the top surface accord with the features of YOZ second bending vibration, while the resonance frequency is 61.344 kHz. Similarly in Fig. 14 (c) , the vibration shapes of the second side and the top surface also accord with the features of XOZ second bending vibration, while the resonance frequency is 61.953 kHz. The difference of three tested resonance frequencies may result from the manufacturing and assembly errors.
Finally, the mechanical output performance of the prototype was tested. A bearing steel ball was chosen to be the rotor, the diameter and the mass of which were 50 mm and 510.6 g, respectively. The preload applied by the mass of the steel ball was always 5.1 N in the subsequent tests. To obtain the optimum frequencies of the YOZ and XOZ driving modes, two alternating voltages with 90 • phase difference and the amplitude of 200 V p−p were applied. Then, under the respective optimum frequency, the plot of the speed versus the excitation voltage in three driving modes are obtained, as shown in Fig. 17 and Fig. 18 , respectively. Fig. 17 shows that the maximum rotary speeds of the YOZ and XOZ driving modes are 109.8 r/min and 107.9 r/min, respectively. Fig. 18 shows that the maximum rotary speeds of the conventional style and the modified hybrid style in XOY driving mode are 207.6 r/min and 290.8 r/min, respectively. In conclusion, compared with the conventional style, the mechanical output performance of the prototype in the modified hybrid style of XOY driving mode has been improved obviously.
V. CONCLUSIONS
On the basis of the sandwich type longitudinal-bending hybrid excitation, a sandwich type multi-degree-offreedom (MDOF) ultrasonic motor was proposed. Only four pieces of PZT ceramics were employed to achieve the MDOF VOLUME 4, 2016 rotations of a spherical rotor. Pair combination of three resonance modes was adopted to achieve the three driving modes, which are the first longitudinal vibration and two orthogonal second bending vibrations spatially. The modal analysis was employed to confirm the final structure parameters of the motor, with the purpose of modal degeneration. The operating principles of three driving modes were verified via the transient analysis. The maximum speeds of the prototype in the YOZ, XOZ and XOY driving modes were 109.8 r/min, 107.9 r/min and 290.8 r/min, respectively. The assembly process of the proposed MDOF ultrasonic motor is much easier than the previous MDOF ultrasonic motors with single vibrator. Because of its simple structure and compact construction, the proposed MDOF ultrasonic motor can be a good candidate distinctly in robot joints, video monitoring equipment, and so on. 
